Abstract-This is the second of two articles reporting the results of a nonlethal biomonitoring study that quantified the effects of pesticide exposure on meadow voles (Microtus pennsylvanicus) living in golf course ecosystems of the Ottawa/Gatineau region (ON and PQ, Canada, respectively). In the present article, we describe results of measurements regarding developmental instability (e.g., fluctuating asymmetry), congenital birth defects (e.g., skeletal terata), clinical hematology (e.g., differential counts), general body condition (e.g., body mass-length relationships), and blood parasite load (Trypanosoma sp. and Bartonella spp.). Voles were captured during the year 2001 to 2003 at six golf courses and two reference sites. Once voles were fully sedated using isoflurane, blood was collected, radiographs taken, and morphometric measurements recorded. Three animals from each course were euthanized to determine body burdens of historically used organochlorine (OC) and metal-based pesticides. Exposure to in-use pesticides was determined from detailed golf course pesticide-use records. None of the endpoints measured was significantly related to body burdens of OC pesticides and metals historically used, nor did any endpoint significantly vary among capture sites in relation to total pesticide application to the capture site or to the number of days since the last application of pesticide. Based on these findings, it appears that voles from golf courses were no less healthy than their conspecifics from reference sites.
INTRODUCTION
Before the twentieth century, golf course superintendents employed weed pickers to remove unwanted plants from greens, tees, and fairways; used unprocessed manure as turf fertilizer; and utilized grazing cattle, sheep, and rabbits to maintain a well-clipped turf [1] . Present-day golf course superintendents have many more pesticide products available to them to help maintain a well-groomed and healthy turf. A survey of golf courses in Alberta by the Alberta Environmental Protection Office (Edmonton, AB, Canada) indicated that fungicides made up the majority of pesticides applied to golf courses (64%), followed by herbicides (34%) and insecticides (2%) [2] . As reported in a document published by the Attorney General's Office of New York State (USA), golf courses on Long Island used almost four-to sevenfold the average amount of pesticides (on a kg/ha basis) used for agricultural purposes [3] . With more than 1,600 golf courses in Canada (Royal Canadian Golf Association, Oakville, ON, Canada, personal communication; http://www.rcga.org) and between 400 and 600 new courses being created each year in Canada and the United States, there appears to be increasing potential for unintentional human and animal exposure to turf pesticides. Even though a causal relationship between acute pesticide exposure and mortality in nontarget wildlife on golf courses has been documented [4] [5] [6] , researchers interested in pesticides and golf courses generally have not written about chronic health effects related to exposure. Rather, studies have focused on pesticide runoff, accumulation and movement of pesticide residues in * To whom correspondence may be addressed (lknopper@connect.carleton.ca).
soil, and contamination of groundwater by pesticides [7, 8] . We are unaware of any ongoing studies regarding the chronic health outcomes of animals or people likely to come in contact with pesticides on golf courses, even though there appears to be increasing potential for their unintentional exposure. This is the second article in a series of two reporting the results of a nonlethal biomonitoring study that quantified the effects of pesticide exposure on meadow voles (Microtus pennsylvanicus) living in golf course ecosystems of the Ottawa/Gatineau region (ON, Canada). The first paper included data concerning the genotoxic effects of pesticide exposure (L.D. Knopper et al., unpublished data) . Briefly, comet assay parameters (i.e., tail length and tail moment representing single-and/or double-strand DNA breaks and/or alkali-labile sites) significantly decreased, in an exponential fashion, in relation to the number of days since the last application of a specific fungicide (Daconil; Syngenta Crop Protection Canada, Guelph, ON, Canada) that contains the potentially genotoxic, active-ingredient (a.i.) chlorothalonil. The slopes of these exponential curves mirrored that of the half-life decay curve of chlorothalonil on vegetation. Moreover, tail length and moment appeared to increase in a dose-dependent manner with the amount of the last application of Daconil. For the present study, further nondestructive endpoints were examined to test the hypothesis that chronic exposure to pesticides may negatively affect nontarget organismal health. Specifically, measurements of developmental instability (e.g., fluctuating asymmetry), congenital birth defects (e.g., skeletal terata), clinical hematology (e.g., differential blood counts), general body condition (e.g., body mass-length relationships), and blood parasite load (e.g., Trypanosoma sp. and Bartonella spp.) were assessed in the same animals that were used in the genotoxicity study.
MATERIALS AND METHODS
Meadow voles were captured in live traps (perforated large folding aluminum heavy duty perforated traps; 9 ϫ 3 ϫ 3.5 cm; Sherman Traps, Tallahassee, FL, USA) from June 15 to July 21, 2001 ; from September 1 to October 10, 2001; and from May 21 to September 30, 2002 , at six golf courses (designated A through F) and two reference sites from the Ottawa/ Gatineau region of Canada. From June 8 to June 18, 2003, animals were trapped only at the reference sites. Traps were baited with either a 20-to 25-g peanut butter-molasses-oatmeal bar or with organic apple slices. Traps were set 1 to 2 h before sunset and checked the following morning approximately 1 h after sunrise. During nights when the ambient temperature was less than 10ЊC or rain was expected, traps also contained a square of Nestlet bedding material (catalog no. NES3600; Ancare, Bellmore, NY, USA). Traps were not set when nighttime temperatures were less than 4ЊC because of the high risk of trap mortality [9] .
Captured voles were returned to a work site on the golf course, emptied from their trap into a Ziploc bag (27 ϫ 28 cm; Dow, Midland, MI, USA), and anesthetized using isoflurane (isoflurane set at 4-5% of total volume [v/v] with an oxygen flow rate of 1.0 L/min). Once sedated, animals were placed dorsally on a table, and anesthetic was continuously administered via a nose cone (isoflurane set at 2-3% of total volume [v/v] with an oxygen flow rate of 1.0 L/min). Between 50 and 100 l of blood were collected from the jugular or carotid arteries, or via a nonlethal cardiac puncture, using a 25-gauge needle attached to a 1-ml, preheparinized syringe. In 2003, blood was not obtained from reference animals. After collection, blood was emptied into a microcentrifuge tube and placed in a cooler of crushed ice. Standard length (i.e., tip of nose to base of tail) was measured to the nearest 0.1 cm using digital callipers (Mitutoyo Absolute Digimatic Callipers, Aurora, IL, USA), and mass was obtained to the nearest gram with a 30-g balance (Pesola, Baar, Switzerland). Dorsoventral and lateral radiographs were taken using a portable x-ray machine (15 mA, 50 kVp, 0.04-s exposure, 24-inch focal platefilm distance; HF8015; Minxray, Northbrook IL, USA) with Kodak MG-1 green-sensitive, high-speed film (Rochester, NY, USA). All captured individuals were marked for later identification by numerical ear punching. Following these procedures, animals were placed in clean traps containing food and allowed to recover from the anesthetic. Once fully awake, individuals were released at their exact site of capture. All traps that contained animals were returned to the laboratory and washed using antibacterial dish soap and warm water and then allowed to air-dry. The Animal Care Committee of the University of Ottawa approved handling and treatment procedures, andscientific permits for capturing animals were is- 2 ) applied to the capture area and the number of days since the last application of a pesticide to the study area were determined for each product. Historically, organochlorine (OC) pesticides and certain metals (e.g., mercury, lead, and cadmium) have been used on golf courses. Because of their persistent properties, these compounds may still be present and capable of biological action. To provide background levels of residues and putative exposure levels for each course, body burdens of 21 different OC pesticides (see Results), mercury, lead, and cadmium were measured in three animals that were euthanized under anesthesia by exsanguination followed by cervical dislocation. They were then placed in a hexane-rinsed glass jar with a Teflon-lined lid that was, in turn, placed on ice until they were stored at Ϫ40ЊC. Individuals were euthanized in the fall during times of high population densities to ensure that destructive sampling had the least possible effect on the population. The OC pesticides and metal residues were measured in pooled samples of individuals from each of the golf courses. The OC pesticides were measured in liver; total mercury in kidney, muscle, and fur; cadmium in kidney; and lead in bone. Tissue pesticide and metal residues were measured at the National Wildlife Research Centre (Canadian Wildlife Service, Ottawa, ON, Canada). Samples for OC pesticide analysis were cleaned through neutral extraction, gel permeation chromatography, and Florisil-column chromatography (Supelco, Oakville, ON, Canada). Quantitative analysis was performed using capillary gas chromatography. Samples for metal analysis were freeze-dried. Total mercury was determined (without acid digestion) on an AMA-254 mercury analyzer (LECO, St. Joseph, MO, USA), and cadmium and lead levels were determined using graphite-furnace atomic absorption spectrophotometry with Zeeman background correction (Perkin-Elmer, Norwalk, CT, USA). Quality-assurance samples were also analyzed along with the other samples. Detailed techniques of analysis can be obtained in methods manuals MET-CHEM-OC-04C, MET-CHEM-AA-03E, and MET-CHEM-AA-02E from the National Wildlife Research Centre, Canadian Wildlife Service (Ottawa, ON, Canada).
Fluctuating asymmetry
Fluctuating asymmetry (FA) is defined as random deviations from perfect bilateral symmetry with no genetic predisposition toward one side or the other being larger [10] . Use of FA as a biomarker of anthropogenic stress has generated strong critics as well as advocates. The utility of FA as a biomarker of stress has recently been reviewed by Leung et al. [11] . The FA was determined by measuring the lengths of the right and left humerus, ulna, ilium, femur, and tibia from dorsoventral radiographs taken of voles in all three years. All measurements were taken using digital callipers (Mitutoyo Absolute Digimatic Calipers) that were connected to a desktop computer, and the data were automatically entered into a spreadsheet program. Callipers were zeroed before new measurements were taken on a different animal. Loren Knopper conducted all measurements blindly, and repeated measurements of the traits were taken on the same day without knowledge of the previous value.
If the difference between repeated measurements for each trait was Ϯ3 standard deviations from the mean of that trait, then the measurement was considered to be an outlier. We believe that these values are not indicative of a true measurement error, especially because they were so far removed from the average difference between repeated measurements. Any vole that had an outlier associated with it was removed from subsequent analyses. To calculate the measurement error associated with each trait, replicate right-and left-side measurements for each vole were entered in a two-way mixed model analysis of variance (ANOVA) with side as the fixed variable and individual as the random variable [10, [12] [13] [14] [15] . Percentage measurement error (%ME) was calculated using the following equation: s among are the mean square deviations among and within individuals, respectively, and m is the number of repeated measurements [12] .
The FA associated with each trait was calculated as the mean right minus mean left measurement. Tests for skewness and kurtosis were conducted to determine the two statistical properties of FA: Right minus left measurements must be approximately normally distributed and centered around a mean of zero [14] . Normal distributions are characterized by nonsignificant values of skewness (e.g., skewness/standard error of skewness Ͻ 1.96 or Ͼ Ϫ1.96) and kurtosis (e.g., kurtosis/ standard error of kurtosis Ͻ 1.96 or Ͼ Ϫ1.96); these values are based on a two-tailed t test with infinite degrees of freedom [16] .
The occurrence of FA is more reliably detected when analyses are based on the combination of multiple traits rather than on individual traits [10, 17] . In some cases, not all of the five bones could be properly measured. Accordingly, we calculated two composite indices of FA: FA C ALL and FA C IFT. The FA-C ALL is defined as the sum of absolute FA for all five traits divided by the number of traits measured, whereas FA C IFT is the index based on the sum of absolute ilium, femur, and tibia, all divided by three.
Skeletal terata
From the radiographs used for FA measurements, skeletal abnormalities indicative of congenital birth defects were quantified. Each radiograph was scanned using an Epson Perfection 3200 Pro color scanner with the transparency unit adapter (Long Beach, CA, USA). Each radiograph was scanned with a density step filter and the scan exposure altered so that pure white was set at 0% and pure black at 100%. Thus, the denser the bone, the lower the value. Using Photoshop 6.0 (Adobe, Mountain View, CA, USA), the opacity (i.e., density) of the right and left ilium and femur was determined by obtaining an average opacity of four 5-ϫ 5-pixel sites within the area of the bone. To correct for base fog differences among the images, opacity values of bones were divided by the opacity value of an adjacent fogged area (i.e., air). The number of tail vertebrae and ribs was quantified and the occurrence of fused or forked ribs or other major malformations identified [18, 19] .
White-blood-cell differential count
Leukocyte differential counts are a standard diagnostic test to quantify changes in leukocyte levels. The differential count is the cornerstone in laboratory hematology and yields clinically useful information about organismal health and disease [20, 21] . For voles captured in 2002, differential blood smears were made on double-frosted, beveled microscope slides (Surgipath, Winnipeg, MB, Canada) with 1.5 l of whole blood and allowed to air-dry. Smears were couriered to Vitatech Laboratories (Markham, ON, Canada) on the day of collection for analysis by a veterinary pathologist (M. Tant). A manual white-blood-cell (WBC) count was generated from air-dried blood smears by counting 10 fields at ϫ40 along the length of the smear, calculating an average, and then multiplying the average by a microscope calibration factor [22] . Because of an uneven distribution of leukocytes on the smears, three readings were made from different areas on each slide, and an average of the three readings was used as the uncorrected WBC count. A standard 100-cell differential was performed, and the number of nucleated red blood cells was counted. The WBC count was then corrected for the presence of nucleated red blood cells, and the absolute values for the differential were calculated. When no featheredge was present, the uncorrected WBC count was estimated as threefold the WBC of the body of the smear based on the pattern of data from those slides with an adequately feathered edge.
Body condition index
The body condition index was based on the residuals of a linear regression of body mass on body length (e.g., tip of nose to base of tail). With this index, individuals with positive residuals are considered to be in better condition than predicted for their size, with the opposite being true for individuals with negative residuals [23] [24] [25] . The regression of log 10 mass on log 10 length (r 2 ϭ 0.85, p Ͻ 0.0001) yielded a better fit than the regression of mass on length (r 2 ϭ 0.80, p Ͻ 0.0001), so we have used the log 10 Ϫ log 10 regression as the basis of the body condition index for voles captured in all three years. Pregnant females were excluded from the analysis.
Blood parasites
In 2002, blood smears were made on glass microscope slides with approximately 3 l of undiluted whole blood. After air-drying, smears were fixed for 5 min in 100 ml of 100% methanol and then allowed to air-dry. At a later date, blood smears were stained with acridine orange (0.1 mg/ml H 2 O) for 60 s and double-rinsed in H 2 O. The occurrence and quantity of Trypanosoma sp., but only the occurrence of Bartonella spp., were quantified by visually scoring 50 fields of view in the featheredge of the blood smear, where no overlap of blood cells was seen, using a ϫ60 oil-immersion lens (ϳ30,000 red blood cells).
Statistical analyses
Analysis of variance was performed to determine relationships between the measured biomarkers and vole reproductive status and sex and to see if FA, birth defects, and body condition were related to the year of capture. The FA and skeletal birth defects manifest themselves during development, but because we measured juvenile and adult voles, it was not possible to determine their exposure to pesticides in utero. Thus, we compared FA and skeletal birth defects among capture sites using ANOVA [26] . Body condition, hematology, and blood parasites can change with time, so these endpoints could be related to current pesticide-use parameters (e.g., total amount of pesticide application and days since the last application of a pesticide). The relationship between these endpoints and the total amount of pesticide application (g a.i./m 2 ) in or around the area of capture up to the capture date, and the days since the last application of a pesticide, was determined using linear regression analysis. Logistic regressions were used to determine the relationship between these pesticide parameters and Bartonella spp. infection. The difference in rates of Bartonella b N/U ϭ the active ingredient was not used. c Spot ϭ products containing the active ingredient were applied as spot treatments throughout the course, but total application rates could not be determined. spp. infection between voles captured on golf courses and at reference sites was determined using chi-square analysis. All statistics were conducted using Systat (Ver 10; SPSS, Chicago, IL, USA) for Windows except for the chi-square analysis, which was conducted using Microsoft Excel 2000 (Redmond, WA, USA).
RESULTS
A total of 142 voles were captured during the course of the present study. Twenty-nine voles were captured between two different reference sites, and the remaining 113 voles were captured among the six golf courses. In 2001, 24 females (19 nonreproductive, 5 reproductive) and 25 males (21 nonreproductive, 4 reproductive) were captured. In 2002, 32 females (22 nonreproductive, 10 reproductive) and 42 males (13 nonreproductive, 29 reproductive) were captured. In 2003, 7 females (3 nonreproductive, 4 reproductive) and 12 males (3 nonreproductive, 9 reproductive) were captured. In some cases, it was not possible to measure all the endpoints on an individual; as a result, sample sizes vary among specific endpoints. The majority of reference voles (27 of 29) were captured from one site, so analyses were conducted with reference animals pooled together.
Pesticide and metal residues
Levels of OC pesticides were very low and invariable between golf courses. 1,2,3,4-And 1,2,4,5-tetrachlorobenzene; pentachlorobenzene; ␣-, ␤-, and ␥-hexachlorocyclohexane; hexachlorobenzene; octachlorostyrene; heptachlor expoxide; oxy-, trans-, and cis-chlordane; trans-and cis-nonachlor; dieldrin; photomirex; mirex; tris(4-chlorophenyl)methanol; p,pЈ-DDT; and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane were either not detected (Ͻ0.0001 g/g wet wt in livers) or were found only in trace amounts (0.0001-0.0009 g/g in livers). Residues of 1,1-dichloro-2,2-bis(p-dichlorodiphenyl) ethylene (p,pЈ-DDE) were the highest of all measured OC pesticides but still relatively low, with an average value of 0.04 g/g. Levels of total mercury, cadmium, and lead were also very low. Values of total mercury in kidney, fur, and muscle ranged from less than 0.06 to 0.157 g/g dry weight. Cadmium levels in kidneys ranged from 0.46 to 1.57 g/g dry weight, and lead levels in the bone ranged from 0.08 to 3.3 g/g dry weight. All pesticide and metal residual values were in the range of previously published values for meadow voles from uncontaminated sites [27] .
Current-use fungicides with the a.i. chlorothalonil and iprodione, followed by herbicides containing 2,4-dichlorophenoxyacetic acid and glyphosate, and insecticides containing diazinon were most commonly employed on golf courses in 2001 and 2002 (Table 1) . Less commonly used fungicides contained the a.i. quintozene, benomyl, and propiconazole, and less commonly used insecticides had the a.i. carbaryl and imidacloprid. On average, a total of 2.5 g a.i./m 2 (range, 0.3-5.6 a.i./m 2 ) was applied each year to the golf courses in the present study.
Fluctuating asymmetry
A total of 85 individual voles were measured for asymmetry. All the traits exhibited ideal FA. None had significant skewness or kurtosis, and all had a mean of approximately zero (Table 2 ). Percentage measurement error was generally low and ranged from 0.6 to 9.0%, depending on which trait was being measured. Percentage measurement error of the ilium was lowest (0.6%), and that of the humerus was highest (9.0%).
Both (Fig. 1) . 
Skeletal birth defects
A total of 79 individual voles were measured for skeletal birth defects. The number of caudal vertebra was not related to the sex or reproductive status of voles or to the year of capture (three-way ANOVA: p ϭ 0.41, 0.53, and 0.07, respectively). On average, voles from all three years had 17 caudal vertebrae: Three animals had 15 tailbones, 14 had 16, 45 had 17, 16 had 18, and 1 had 19. The number of caudal vertebra was not related to the site at which animals were captured (p ϭ 0.18). All animals had 13 ribs, and none was fused or forked. No other skeletal malformations were identified.
A total of 93 voles were measured for bone density. Rightand left-side values were combined to calculate an average bone density for the ilium and femur. Bone density of the ilium did not vary among year of capture or sex, but it was related to reproductive status (three-way ANOVA: p ϭ 0.08, p ϭ 0.71, and p Ͻ 0.005, respectively). Nonreproductive voles had an average density value of 0.77 (n ϭ 48, standard error [SE] ϭ 0.009), and reproductive voles had an average of density value of 0.72 (n ϭ 45, SE ϭ 0.009), or approximately 5.0% greater density. Ilium density in both reproductive and nonreproductive voles was not related to the area of capture (p ϭ 0.40 and 0.22, respectively) (Fig. 2) . Bone density of the femur did not vary among year of capture or sex but was related to reproductive status (three-way ANOVA: p ϭ 0.80, 0.77, and 0.006, respectively). Nonreproductive voles had an average density value of 0.84 (n ϭ 48, SE ϭ 0.008), and reproductive voles had an average density value of 0.81 (n ϭ 45, SE ϭ 0.009), or approximately 3.0% greater density. Femur density in both reproductive and nonreproductive voles was not related to the area of capture (p ϭ 0.30 and 0.20, respectively) (Fig. 2) .
Body condition
Body condition was assessed for 125 voles. Body condition was related to year of capture but not to reproductive status or sex (three-way ANOVA: p ϭ 0.05, 0.10, and 0.20, respectively). The average body condition residual index in 2003 was 0.05 (n ϭ 18, SE ϭ 0.03), which was slightly greater than the values from 2002 (index ϭ 0.01, n ϭ 49, SE ϭ 0.03) and 2001 (index ϭ Ϫ0.02, n ϭ 58, SE ϭ 0.02). In general, voles (males and females combined) from golf courses had a mean condition value of Ϫ0.001 (n ϭ 109, SE ϭ 0.01), and voles from reference sites had a mean condition value of Ϫ0.006 (n ϭ 25, SE ϭ 0.03). Body condition was not related to the site of capture (p ϭ 0.88) (Fig. 3) or to the total amount of a.i. applied to the capture site (r 2 ϭ 0.006, p ϭ 0.53) or to the number of days since the last application of a pesticide (r 2 ϭ 0.03, p ϭ 0.14). Other endpoints, such as FA, WBC levels, and parasite load, could be related to body condition. However, FA C ALL (r 2 ϭ 0.008, p ϭ 0.51), FA C ITF (r 2 ϭ 0.04, p ϭ 0.11), WBC levels (r 2 ϭ 0.03, p ϭ 0.18), and Trypanosoma sp. levels (r 2 ϭ 0.05, p ϭ 0.61) were all unreliable predictors of body condition.
Hematology
Differential blood counts were conducted for 70 voles. Total WBC levels (10 9 cells/L) were not related to sex or reproductive status but were related to the sex ϫ reproductive status interaction (two-way ANOVA: p ϭ 0.08, 0.38, and 0.03, respectively). Reproductive males had an average of 4.1 ϫ 10 9 cells/L (n ϭ 27, SE ϭ 0.33), and reproductive females had an average of 6.7 ϫ 10 9 cells/L (n ϭ 10, SE ϭ 1.12). The WBC levels in nonreproductive males and females were indistinguishable, with males having an average of 5.0 ϫ 10 9 cells/L (n ϭ 12, SE ϭ 0.55) and females an average of 4.7 ϫ 10 9 cells/L (n ϭ 21, SE ϭ 0.51). Total WBC levels were not significantly related to capture site (p ϭ 0.52) ( Table 3) or to the total amount of a.i. applied to the capture site (r 2 ϭ 0.02, p ϭ 0.30) or to the days since the last application of a pesticide (r 2 ϭ 0.03, p ϭ 0.18). Absolute values of neutrophils, lymphocytes, monocytes, eosinophils, and basophils were also not related to the total amount of a.i. applied to the capture site or to the days since the last application of a pesticide (r 2 ϭ 0.003-0.07, p ϭ 0.11-0.98). Values of total WBCs, neutrophils, lymphocytes, basophils, eosinophils, and monocytes broken down by capture site can be found in Table 3 . The number of micronucleated polychromated erythrocytes was not significantly related to the sex or reproductive status of voles or to any pesticide application parameter (e.g., total application or days since last application; L.D. Knopper et al., submitted manuscript).
Blood parasite load
Only 9% of the 65 voles captured in 2002 were infected with trypanosomes, and parasitemia rates ranged from 1 to 74 trypanosomes per 30,000 red blood cells. Infection with Trypanosoma sp. was not significantly related to the site of capture (p ϭ 0.26), nor was it related to the total amount of a.i. applied to the capture area (r 2 ϭ 0.004, p ϭ 0.63) or to the days since the last application of a pesticide (r 2 ϭ 0.007, p ϭ 0.56). Eosinophil levels are considered to be the hallmark of parasitic and bacterial infection when elevated [28] . Eosinophil levels were not, however, reliable predictors of Trypanosoma sp. infection (r 2 ϭ 0.04, p ϭ 0.13). Fifty percent of the 65 voles captured in 2002 had Bartonella spp. infection. Such infection was not significantly related to the total amount of a.i. applied to the capture area or to the days since the last application of a pesticide (twoway logistic regression: p ϭ 0.76 and 0.17, respectively). The proportion of infected voles varied between golf course and reference animals, with 44% of voles from golf courses and 70% of voles from reference sites being infected. However, the number of infected animals did not appear to be significantly related to capture site (x 2 ϭ 2.4, degrees of freedom ϭ 1, p ϭ 0.13). Eosinophil levels were also a poor predictor of Bartonella spp. infection (p ϭ 0.74).
DISCUSSION
General biomarkers can be influenced by a number of stressors and can be used to provide some indication of the overall organismal condition. Fluctuating asymmetry, skeletal birth defects, WBC levels, body condition, and parasite load have all been used as nondestructive biomarkers of organismal health in areas of pesticide use. For instance, a greater FA than would be expected in animals from reference sites has been found in gray seals (Halichoerus grypus) and ringed seals (Pusa hispida) exposed to DDT and polychlorinated biphenyls [29] , in brown trout (Salmo trutta) living in polluted fluvial ecosystems [30] , and in damselflies (Xanthocnemis xealandica) exposed to fungicides and insecticides [31] . Recent wildlife biomonitoring and human epidemiological studies have revealed a relationship between animals and humans living in areas of pesticide use and teratogenic outcomes. Ouellet et al. [32] observed high rates of hindlimb deformities in frogs and toads living in agricultural sites exposed to pesticide runoff. Linzey et al. [33] reported a correlation between body fat concentrations of p,pЈ-DDE and limb deformities in frogs and toads. Bell et al. [34] concluded that exposure to several classes of pesticides (e.g., organophosphates, pyrethroids, halogenated hydrocarbons, carbamates, and endocrine disruptors) during the third to eighth week of pregnancy in humans was associated with fetal death because of congenital anomalies (e.g., anencephalus and hydrocephalus). Chronic exposure to pesticides has also been associated with health concerns like cancer and altered immune function. In their review article, Knopper and Lean [35] concluded that there appears to be convincing in vitro and in vivo laboratory and epidemiological evidence to support the claim that under certain circumstances, golf course pesticides like iprodione, chlorothalonil, phenylmercury acetate, and 2,4-dichlorophenoxyacetic acid are associated with cancer in humans and animals. Bishop et al. [36] reported that tree swallows (Tachycineta bicolor) living in apple orchards experienced immunostimulation, whereas Linzey et al. [33] reported depressed lymphocyte levels in amphibians in relation to pesticide exposure. In most cases, parasite infection in rodent hosts is not considered to result in a pathogenic outcome, but in some cases, infection with Trypanosoma sp. and Bartonella spp. has been related to immunodepression [37] and decreased reproductive function [38] .
Unlike the studies mentioned above, our results failed to suggest that voles from golf courses of the Ottawa/Gatineau region of Canada are less healthy than their conspecifics from reference sites. In general, the organismal biomarkers that were measured did not vary among capture sites or in relation to pesticide-use parameters, and many of the endpoints were no different than what has been published for animals found living in reference sites. Even though caudal vertebral numbers did vary among voles, variation in vertebral numbers is not uncommon in small mammals. In CD-1 mice, less than 5% of the population has less than 10 postsacral vertebrae, 30% have between 10 and 11, almost 65% have between 11 and 12, and less than 0.5% have more than 12 [39] . Similar variation has been observed in thoracic and lumbar vertebrae in rabbits and laboratory rats [18, 39] . Levels of total WBCs and specific levels of neutrophils, lymphocytes, monocytes, basophils, and eosinophils for golf course voles and reference voles were generally indistinguishable and also similar to unpublished differential blood count reports from a study of more than 250 wild voles from Manitoba (S. Mihok, Ottawa, ON, Canada, unpublished data). Levels of infection with Trypanosome sp. and Bartonella spp. were well within previously published values. Woo et al. [40] found that 2.7% of 374 meadow voles captured in southern Ontario were infected with Trypanosome sp., and Nelson [41] found that 67% of 21 voles captured in Illinois (USA) were infected. Kosoy et al. [42] captured seven species of rodents from the southeastern United States and found that 42.2% of 279 individuals were infected with some strain of Bartonella. Similarly, Birtles et al. [43] found that 62.2% of 37 rodents captured in the United Kingdom were infected. Our results also seem to suggest that infection with these organisms is nonpathogenic, because eosinophil levels were not related to the level of parasitemia or bacteremia.
Pesticide use on golf courses from the Ottawa/Gatineau region of Canada appeared to be quite low compared to pesticide use on golf courses in the United States. On average, a total of 2.5 g a.i./m 2 was applied each year to the golf courses in the present study. In a typical year during the early 1990s, golf courses in the United States used more than double this amount, or approximately 6.0 g a.i./m 2 [44] . Several golf courses initially contacted for the present study refused to allow us on site, and it is therefore possible that our sample of courses was biased toward those with presumably lower pesticide-use patterns. As mentioned, we detected significant DNA damage in voles in relation to the number of days since the last application of a specific fungicide (Daconil), which contains the potentially genotoxic a.i. chlorothalonil. Moreover, DNA damage appeared to increase in a dose-dependent manner with the amount of the last application of Daconil. Chlorothalonil has been shown to have genotoxic properties, but generally only at low doses and only during initial exposures [45, 46] . It is possible that the voles in our study did not exhibit stress-related changes in developmental stability, body condition, blood levels, or immune function because they were not exposed to levels of pesticides high enough to elicit such changes. Unfortunately, we are unaware of studies that have measured these endpoints for meadow voles in areas of greater pesticide use, so no comparisons can be made to test this hypothesis.
Post-hoc power analyses were conducted to determine how many animals from each capture site would be needed to correctly accept the null hypothesis that no difference in measured biomarkers among capture sites existed and to determine what the actual values of ␤ (probability of making a type II error, i.e., of accepting the null hypothesis when it is false) were for each endpoint [47] . To be 80% confident in our acceptance of the null hypothesis (with an ␣ value of 0.05) that FA C ALL and FA C ITF were not significantly related to capture site (p ϭ 0.13 and 0.49, respectively), 113 and 469 voles, respectively, would need to be captured per site. In relation to body condition and total WBC values, 64 and 103 voles, respectively, would need to be captured per site. Based on our actual sample sizes, values of ␤ ranged from 60 to 75%. Thus, it is possible that true effects did exist (e.g., that FA C ALL is related to capture site) but that we were unable to detect the relationship because of low power, likely caused by the small number of animals captured [47] . Given our capture success and the relatively small size of capture areas, it would not have been biologically possible to capture the number of animals needed to minimize the type II error and maximize the statistical power associated with this biomonitoring study. Nevertheless, our results suggest that despite a higher level of transient DNA damage associated with fungicide use, voles living in golf courses of the Ottawa/Gatineau region of Canada were no different in their level of bilateral asymmetry, occurrence of birth defects, changes in hematology, body condition, or blood parasite level compared to reference animals.
